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An evidence for a diphoton resonance at a mass of 750 GeV has been observed in the data collected at the 
LHC run at a center of mass energy of 13 TeV. We explore several interpretations of this signal in terms 
of Higgs-like resonances in a two-Higgs doublet model and its supersymmetric incarnation, in which the 
heavier CP-even and CP-odd states present in the model are produced in gluon fusion and decay into 
two photons through top quark loops. We show that one cannot accommodate the observed signal in the 
minimal versions of these models and that an additional particle content is necessary. We then consider 
the possibility that vector-like quarks or leptons strongly enhance the heavy Higgs couplings to photons 
and eventually gluons, without altering those of the already observed 125 GeV state.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.1. A diphoton resonance at 750 GeV?
It has been reported that the approximately 4 fb−1 of data, 
delivered in the latest LHC run with a center of mass energy of 
13 TeV, indicate the presence of a resonance that decays into two 
photons, with a mass of about 750 GeV and a width of ∼ 50 GeV
[1]. The local signiﬁcance of this signal is only at the 3σ level in 
the case of the ATLAS collaboration and slightly less for the CMS 
collaboration. Hence, it is likely that this excess of data is sim-
ply yet another statistical ﬂuctuation which will be washed away 
with more data. Nevertheless, in the absence of any ﬁrm sign of 
the long awaited new physics beyond the SM, it is interesting to 
contemplate that the effect is indeed due to a new resonance.
Let us brieﬂy sketch the various possibilities for such a reso-
nance and consider its spin-parity quantum numbers. The observa-
tion of the γ γ signal rules out the option that it comes from the 
decay of a spin-1 particle by virtue of the Landau–Yang theorem 
[2]. This leaves the spin 0 and spin ≥ 2 possibilities. A graviton-
like spin-2 is extremely unlikely since it has universal couplings 
and it should have also decayed into other states such as WW , ZZ, 
dileptons and dijets which have not been observed up to very high 
masses [3]. The most likely possibility for the resonance particle is 
thus to have spin-0.
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SCOAP3.Furthermore, the resonance should be Higgs-like and couple 
only very weakly to light quarks as, if produced in qq¯ annihila-
tion, it should have already been observed at the ﬁrst LHC run 
with 
√
s = 8 TeV and 20 fb−1 data. Indeed, for a 750 GeV res-
onance, just considering naively the qq¯ parton luminosities for a 
given c.m. energy, there should be an increase of only a factor of 
2.5 for the production rate when moving from 8 to 13 TeV c.m. 
energy [4]. Instead, if the resonance is produced in gg fusion, the 
jump in cross section would be a factor of 4.5 so that the collected 
data sets at 
√
s = 8 and 13 TeV would be equivalent. Note that 
there was an ATLAS search for a two-photon scalar resonance per-
formed at 
√
s = 8 TeV [5] but it did not extend beyond the scale 
of 600 GeV. CMS searched also for diphoton resonances [6] and 
observed a slight excess of about 2σ at a mass of 750 GeV. The 
present diphoton excess is, thus, not a complete surprise.
In this note, we explore the possibility that the diphoton events 
originate from the decays of the heavy neutral CP-even and CP-odd 
Higgs particles that are present in two Higgs doublet models [7,8]
and, in particular, in their minimal supersymmetric incarnation, 
the MSSM [8,9]. We show that to achieve such a strong diphoton 
signal, additional particles should contribute to the loop induced 
production and decay processes and we investigate some scenarii 
with vector-like quarks and leptons that occur in many extensions 
of the Standard Model (SM) [10]. We show that indeed, vector-like 
leptons can account for the observed signal without altering the 
properties of the lightest h boson. under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
A. Angelescu et al. / Physics Letters B 756 (2016) 126–132 127Fig. 1. The form factors A1/2 of the Higgs-gg and Higgs-γ γ fermion loops in the case of the CP-even (left) and CP-odd (right) Higgs particles as a function of τ f = M2/4m2f . 
The smaller form factor for spin-0 particle exchange in the H case is shown for comparison.2. The diphoton rate in 2HDMs and the MSSM
A straightforward extension of the SM that involves additional 
Higgs states is a (2HDM) model with two-Higgs doublets u and 
d [7,8] that leads to the presence of four additional physical 
Higgs bosons besides the 125 GeV state already observed and that 
we will denote by h: a heavier CP-even H state, a CP-odd A state 
and two charged H± bosons. The model is described by the four 
Higgs masses Mh , MA , MH and MH± , and two angles: the angle 
β given by the ratio of the vacuum expectation values of the two 
scalar ﬁelds and the mixing angle α that diagonalizes the two CP-
even Higgs states
tanβ = vu/vd and
0u = sinα H + cosα h , 0d = cosα H − sinα h (1)
To make in a natural way that the lighter h state is SM-like as ex-
perimentally observed [11], one can nevertheless invoke the align-
ment limit [12] in which the two angles are related by β −α = π2 . 
The h couplings to up and down type fermions and gauge bosons, 
normalized to the SM values, are then SM-like, ghV V ≈ ghuu ≈
ghdd ≈ 1, while the couplings of the CP-even H and charged H±
states reduce to those of the pseudoscalar A. The H coupling to 
the V = W , Z bosons tends then to zero, gHV V = cos(β − α) → 0, 
as for the CP-odd Higgs state which, because of CP-invariance, has 
no VV couplings, gAVV = 0. Depending on whether the up and 
down-type fermion masses are generated by only one or both 
Higgs ﬁelds, the normalized  = H, A couplings to fermions in 
the alignment limit are given by gbb = − tanβ for type II and 
gbb = 1/ tanβ for type I models while one has gtt = 1/ tanβ in 
both scenarii. The couplings of τ -leptons follow that of b-quarks.
The minimal supersymmetric extension of the SM (MSSM) is a 
type II 2HDM but it has the interesting feature that supersymme-
try imposes strong constraints on the parameters and only two of 
them, e.g. tanβ and MA , are independent. This is true not only at 
tree level but approximately also at higher orders if the constraint 
Mh = 125 GeV, which ﬁxes the important radiative corrections to 
the Higgs sector [9], is enforced; this is the so-called hMSSM dis-
cussed recently [13]. Because the LHC Higgs data indicate that h
state is SM-like [11] and that the pseudoscalar Higgs boson should 
be rather heavy [14], one is also in the so-called decoupling limit 
in which one has cos(β−α) ≈ 0 and MH ≈ MH± ≈ MA  MZ . This 
simpliﬁes considerably the phenomenology of the model.
In this section, we will consider both the MSSM in the de-
coupling limit and the 2HDMs of type I and II in the alignment 
limit; a departure from these limits (in particular alignment) by 10%, i.e. being close to the upper bound cos2(β − α) ≈ 0.1 in-
dicated by LHC Higgs data [11] will not signiﬁcantly change our 
discussion. In the latter case, we will assume in addition that the 
CP-even H and CP-odd A states are approximately degenerate in 
mass, MA ≈ MH , as is the case in the MSSM. Hence, the 750 GeV 
diphoton resonance will consist of both the H and A bosons. As 
motivated below, we will specialize in the low tanβ region, and 
more precisely to tanβ ≈ 1, which allows for strong Yukawa cou-
plings of the top quark. The possibility of extremely large Yukawa 
for bottom quarks requires large tanβ values (for type II 2HDMs), 
tanβ  30 and even 50, which for M ≈ 750 GeV, are excluded 
by the  → τ+τ− searches performed at the run I of the LHC 
[14]. Hence, only the top quark Yukawa coupling will be kept in 
our following discussion and all other Yukawa couplings will be 
considered to be negligible and ignored.
Let us now discuss the decays of the two Higgs resonances. In 
the conﬁguration that we have chosen, with large Higgs masses 
and low tanβ values, the only relevant tree level decay of the  =
H, A bosons will be into top quark pairs with a partial width [15]
	( → tt¯) = 3Gμm
2
t
4
√
2π
g2tt M β
p
t (2)
where βt = (1 − 4m2t /M2)1/2 is the quark velocity and p = 3 (1)
for the CP-even (odd) Higgs boson. In principle, the decays of the 
two resonances into two photons also proceed through the top-
quark loop only (for the CP-even H state, we ignore the W -loop 
contribution and there are also small charged Higgs contributions 
to be discussed shortly), but we will allow for additional contribu-
tions of new fermions that will be made explicit later. The partial 
decay widths are given by [8,15]
	( → γ γ ) = Gμα
2M3
128
√
2π3
∣∣∣∣43 gtt A1/2(τt) +Anew
∣∣∣∣
2
(3)
The form factors A1/2(τ f ) which depend on the variable τ f =
M2/4m
2
f are the only place in which the H and A states behave 
differently. They are shown in Fig. 1. While the amplitudes are real 
for M ≤ 2m f , they develop an imaginary part above the kine-
matical threshold. At low Higgs masses compared to the internal 
fermion mass, M 
 2m f , the amplitudes for a scalar and a pseu-
doscalar1 state reach constant but different values AH1/2(τ f ) → 4/3
1 Note that when including the QCD corrections to the quark loops, there is a 
Sommerfeld enhancement of the amplitudes near threshold which is signiﬁcant in 
the case of the pseudoscalar Higgs boson. Outside this threshold the QCD correc-
tions are very small; see Ref. [16].
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as M  2m f and are almost exact for m f  M). The maxi-
mal values of the amplitudes occur at the kinematical threshold 
M = 2m f , where one has Re(AH1/2) ∼ 2 and Re(AA1/2) ∼ 5 for the 
real parts. For a resonance with a mass M ≈ 700 GeV, one has 
τt ≈ 4 for the top quark and this leads to values for the form 
factors of Re(AH1/2) ≈ 34 , Im(AH1/2) ≈ 32 in the CP-even case and 
Re(AA1/2) ≈ 13 , Im(AA1/2) ≈ 2 in the CP-odd case.
Assuming that there are no new physics contributions to the 
γγ loop besides that of the top quark, the branching ratio of the 
decay  → γ γ is simply given by
BR( → γ γ )  	( → γ γ )
	( → tt¯) =
α2
54π2
M2
m2t
|A1/2|2
β
p
t
≈ 10−7 M
2

m2t
1
β
p
t
(4)
and does not depend on tanβ . For M ≈ 750 GeV, one ob-
tains fractions BR(A → γ γ ) ≈ 7 × 10−6 and BR(H → γ γ ) ≈ 6 ×
10−6 and total decay widths, with 	tot ∼ 	( → tt¯), of 	Htot ≈
32 GeV/ tan2 β and 	Atot ≈ 35 GeV/ tan2 β [17]. To arrive at a to-
tal width of ≈ 50 GeV as experimentally observed, one thus needs 
tanβ ≈ 1. Hence, besides requiring the equality2 MH ≈ MA , one 
should not allow for new H/A decay channels in order not to in-
crease this total width. In fact, even if the total width issue could 
be ignored, tanβ values much smaller than unity, say tanβ  1/3, 
should be avoided in order to keep a perturbative top quark 
Yukawa coupling. We will thus stick to tanβ ≈ 1 in our analysis.
In a similar way, the cross section for  production in the 
dominant gluon–gluon fusion process is proportional to the Higgs 
decay width into two gluons which is given by [8,15]
σ(gg → ) ∝ 	( → gg)
= Gμα
2
s M
3

64
√
2π3
∣∣∣∣gtt A1/2(τt) +Anew
∣∣∣∣
2
(5)
First, one notices that the production cross section at 
√
s = 13 TeV
for a SM-like Higgs boson of mass MH = 750 GeV is σ(HSM) ≈
0.85 pb [13] and that in our case, one has σ(H)/σ (HSM) = cot2 β
and σ(A)/σ (HSM) = cot2 β × |AA1/2/AH1/2|2 ≈ 2 cot2 β as the form 
factor is different in the CP-odd case. One obtains then for the 
cross section times branching fraction when the two channels are 
added (the numbers are for the hMSSM),∑

σ(gg → ) × BR( → γ γ ) ≈ 1.5× 10−2 cot2 β [fb] (6)
to be compared with a cross section of O(10 fb) observed by the 
ATLAS collaboration.
Thus, for tanβ ≈ 1, we are more than two orders of magnitude 
away from the diphoton signal and, even if we allow for tanβ ≈
1/3, we are still more than an order of magnitude below. Very 
large additional contributions are thus needed.
An important remark is that if the enhancement of the dipho-
ton signal had to come from the production cross section, then we 
would have had a large rate for gg →  → tt¯ that is constrained 
from the search of resonances decaying into top quark pairs at 
the 8 TeV LHC. Indeed a 95% conﬁdence limit of σ(gg → ) ×
BR( → tt¯)  1 pb [18] has been set and, since at this energy 
2 Note that if we assume the hMSSM with MA ≈ 750 GeV, this leads MH ≈
765 GeV for tanβ ≈ 1 [13]; in a 2HDM, the H/A masses can also be different. A sig-
niﬁcant MH − MA difference will make the observed resonance wider, which is not 
our interest here, so we assume equal masses also in 2HDMs.one has σ(gg → H + A) ≈ 0.5 cot2 β pb and BR( → tt¯) ≈ 1, tanβ
cannot take values much smaller than unity. This leads to the im-
portant conclusion that the two orders of magnitude enhancement 
needed to accommodate the observed diphoton resonance in our 
context should essentially come from the  → γ γ decay.
Nevertheless, let us brieﬂy consider slight departures from our 
tanβ  1 choice. For instance, tanβ  1/√2 would strongly violate 
the limit from the search of tt¯ resonances at the 
√
s = 8 TeV LHC 
while values tanβ 
√
2 would reduce by more than a factor of 
two the  total decay width so that the possibility 	 ≈ 45 GeV
hinted for by ATLAS cannot be explained anymore (this would also 
call for an additional enhancement of the gg →  → γ γ rate by 
a factor  2). Hence, tanβ values close to unity are strongly fa-
vored in our scenario. Note again that for such values of tanβ , the 
b-quark and τ -lepton Yukawa couplings are so small that there is 
no difference in practice between Type I and II scenarios, as in 
both cases, the t-quark Yukawa coupling is the same.
Although obviously very unlikely, we nevertheless considered 
the various additional contributions that can affect the γγ and 
gg loops in the minimal versions of 2HDMs and the MSSM and 
checked that such a huge enhancement cannot be obtained (this 
is clearly also the case for the lightest h boson as it has recently 
been discussed in Ref. [20]).
A ﬁrst contribution to the γγ loops which can be consid-
ered, is that of a charged Higgs boson in the case of H (because 
of CP-invariance there is no AH+H− coupling) given by AHH± =
gHH+H− (M
2
W /M
2
H± ) × AH0 (τH±). The form factor AH0 is smaller 
compared to the fermionic one as shown in Fig. 1. In the MSSM, 
as MH± ≈ MH and gHH+H− =O(1), the contribution is negligible. 
Even in a general 2HDM, although gHH+H− is not ﬁxed and can be 
made relatively large, the H± contributions are also very small.3
In the case of the MSSM, additional contributions are provided 
by supersymmetric particles running in the loops. The contribu-
tions of the charginos in  → γ γ are in general small if we 
are above the M  2mχ± thresholds that are needed to keep 
the total decay widths of the resonances small. But also for small 
chargino masses, BR( → γ γ ) cannot be enhanced by more than 
a few ten percent.4 There are also contributions of sleptons and 
squarks to the CP-even H → γ γ decay and squarks to gg →
H production; the CP-odd A state does not couple to identical 
sfermions and there is no contribution at lowest order. Here again, 
the Higgs-sfermion couplings are not proportional to sfermions 
masses and the contributions, AH
f˜
∝∑ f˜ i gH f˜i f˜ i/m2f˜ i × AH0 (τ f˜ ), are 
damped by powers of m2
f˜ i
leading to small loop contributions for 
suﬃciently heavy sfermions. This is particularly true in the slepton 
case where the dominant contribution due to light stau’s cannot 
be enhanced by strong couplings for the low tanβ values that we 
are considering here.
Finally squarks and particularly relatively light top squarks can 
make signiﬁcant contributions to H → γ γ and gg → H . In the 
MSSM, however, for the low tanβ values that we are considering, 
the stops (which contribute to the radiative corrections that en-
3 For MH± ≈ 160 GeV which satisﬁes the constraints set at the 8 TeV LHC [19], 
the form factor is small and negative giving a destructive interference with the 
top contributions. Instead, the contribution can be increased by sitting close to 
the MH± = 12 M threshold so that AH0 reaches its maximal value, Re(AH0 ) ∼ 1.5
and Im(AH0 ) ∼ 1 for τ ∼ 1. Still these values are too small and the damping factor 
M2W /M
2
H± too strong and even for extremely large gHH+H− , the contributions stay 
modest.
4 For the choice of SUSY parameters tanβ = 1, M2 = −μ = 200 GeV which leads 
to χ±1 with masses close to the experimental bounds Mχ±1 ≈ 100 GeV [19], and 
maximally coupled to the H/A states, one makes only a 25% and 10% change of the 
H → γ γ and A → γ γ branching ratios respectively [17].
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Mh = 125 GeV to be reached. Even if by some means one can ac-
commodate this mass values with light stop (e.g. by invoking an 
additional singlet-like Higgs as in the NMSSM or by incorporating 
some additional particles to increase the radiative corrections to 
the h mass) it is very diﬃcult to increase σ(gg → H) × BR(H →
γ γ ) signiﬁcantly.5 In fact, in general, when the SUSY contributions 
are large, they are also large in the case of the lightest h boson [20]
which is unacceptable as its couplings have been measured to be 
SM-like.
In conclusion, it is very diﬃcult to enhance the production cross 
section and the γ γ decay branching ratios of the MSSM H and A
bosons to a level close to what is experimentally observed, even if 
extreme conﬁgurations for the superparticle masses and couplings 
are chosen. Other, more radical, measures are needed and we dis-
cuss them now.
3. Introducing vector-like quarks and leptons
In order to increase signiﬁcantly the Higgs couplings to glu-
ons and/or photons, one could consider the contributions of new 
heavy fermions to the triangular loops.6 These fermions should 
have vector-like couplings to the electroweak gauge bosons in 
order to avoid generating their masses through the Higgs mech-
anism only and then cope with the electroweak precision tests as 
well as the LHC Higgs data.7 Vector-like fermions appear in many 
extensions of the SM and recent discussions have been given in 
Ref. [10]. In our analysis, we will not rely on any speciﬁc model 
(as e.g. Ref. [23]) and simply adopt an effective approach in which 
the properties of these fermions are adjusted in order to ﬁt our 
purpose.
In addition to the two Higgs doublets for which we still as-
sume the alignment limit and the mass equality MH ≈ MA , we ﬁrst 
consider vector-like quarks (VLQs) with the following minimal La-
grangian describing their Yukawa couplings in the interaction basis
−LVLQ =
{
ybL√
2
(
0
vd + 0d + i P0d
)(
t′
b′
)
Lb
′′
R
+ y
t
L√
2
(
vu + 0u ± i P0u
0
)(
t′
b′
)
Lt
′′
R + {L↔ R}
+m1
(
t′
b′
)
L
(
t′
b′
)
R
+ m2 t′′L t′′R + m3 b′′Lb′′R
}
+ h.c., (7)
where the “+” sign corresponds to the MSSM case, while the “−” 
sign corresponds to a type II 2HDM case.8 Such representations 
of the VLQs make possible the presence of Yukawa couplings in-
variant under the SM gauge symmetry, hence including also terms 
5 For instance, assuming mt˜1 ≈mt˜2 ≈ 12 MH ≈ 350 GeV in order to maximize the 
AH0 amplitude, one obtains a factor of ≈ 2 enhancement of σ(gg → H) × BR(H →
γ γ ). Instead, for a trilinear stop coupling At ≈ 2 TeV that strongly enhances the 
coupling gHt˜1 t˜1 ∝mt At , one obtains a more modest change [17].
6 One can of course consider also the introduction of scalars, such as doubly 
charged Higgs bosons from see-saw mechanisms [21] for instance, but we will not 
consider this option here.
7 The easiest option would have been the introduction of a fourth generation of 
fermions, which could have increased both the gg → H/A cross section and the 
H/A → γ γ decay rates by an order of magnitude each. This is nevertheless ruled 
out by the observation of the light h state with SM-like couplings [22].
8 This difference comes from the fact that in the MSSM, because of the holomor-
phicity of the superpotential, the ﬁeld u with hypercharge − 12 has to give mass 
to the up-type quarks, whereas in the type II 2HDM considered here one can use 
u ≡ ˜2 = iσ2∗2, where 2 has + 12 hypercharge (as 1 = d).mixing the VLQs with SM quarks. However, this mixing would rep-
resent only a higher order correction to the main enhancement 
effect of interest; we have therefore omitted for simplicity such 
Yukawa couplings in the Lagrangian of eq. (7). The key point here 
is that, to fulﬁll gauge invariance, at least two vector-like multi-
plets need to be introduced in order to generate direct Yukawa 
couplings for the VLQ that are not suppressed by SM-VLQ mixing 
angles. This will allow to have signiﬁcant VLQ loop contributions. 
The motivation to have both states of type t′(′) and b′(′) , coupling 
respectively to the 0u and 
0
d scalar ﬁelds, will become clear later. 
Such a conﬁguration is also motivated by economy since it follows 
that of the SM. We will further consider six families of the above 
VLQ multiplets, to obtain the diphoton rates that are compatible 
with the LHC data.
Similarly to VLQs, one can introduce vector-like leptons (VLL) in 
the model. The VLLs are subject to weaker direct mass bounds [24]
than the ones of order 1 TeV on the VLQ masses [25,26]. For the 
particle content, an interesting possibility would be to introduce 
several replicas of vector-like lepton doublets and singlets
(
′−
=
)
L/R
, ′′−L/R , 
′=
L/R , (8)
which will couple to the 2HDM Higgs states exactly as shown in 
the Lagrangian of eq. (7) with the replacement t′, t′′ → ′−, ′′−
and b′, b′′ → =, ′= . The reason to consider this speciﬁc pattern 
for the SU(2)L doublet, that includes a singly and a doubly charged 
lepton, is that it allows both its components to contribute to the 
diphoton triangular loop.9
Another possibility would be for instance to introduce instead 
the representations (=, ≡)tL/R , ′=L/R , ′≡L/R , with couplings as in 
eq. (7) with t′, t′′ → =, ′= and b′, b′′ → ≡, ′≡ . The motivation 
would be that these VLLs with higher electric charges would lead 
to a much stronger enhancement of Higgs-diphoton vertices.
Based on the particle content of eqs. (7)–(8) and recalling the 
Higgs eigenstate compositions of eq. (1) that involves the mixing 
angle α which in the alignment or decoupling limits is given by 
α = β − π2 , one can express the new fermion contributions to the 
loop induced  = H, A couplings to photons and gluons in the 
following form,
AVLF(gg) ∝Atop(gg) + NVLQf
(
cotβ
2∑
i=1
vgtii
mti
A1/2(τti )
± tanβ
2∑
i=1
vgbii
mbi
A1/2(τbi )
)
, (9)
9 This would not have been the case of a vector-like lepton doublet with a neu-
trino and a singlet charged lepton. However, in the same spirit of Higgs portal 
models for dark matter [27], one could introduce a doublet (ν ′, ′)tL/R with a gauge 
singlet ν ′′L/R protected from decays by a parity forbidding Yukawa coupling between 
these extra leptons and the SM ones (and in turn their mixings). In the present 
2HDM framework, the coupling of ν ′(′)L/R to the neutral Higgs states, through its ini-
tial coupling to 0u , P
0
u , would open up the possibility of an invisible decay width 
for the two heavy Higgs bosons as well. Note that these leptons will affect also the 
γ Z decays of both the SM-like and the  = H/A states. Nevertheless, because the 
new lepton couplings to the Z boson are in general smaller than the coupling to 
photons and the Z boson needs to be identiﬁed through its leptonic decays which 
have a small branching ratio, these ﬁnal states are more diﬃcult to detect than the 
γ γ decays. For instance, for the standard-like Higgs boson, the present LHC sensi-
tivity to the channel h → Zγ is still far from the SM prediction [11].
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+ NVLFf
(
cotβ
∑
u
Nuc Q
2
u
2∑
i=1
vguii
mui
A1/2(τui )
± tanβ
∑
d
Ndc Q
2
d
2∑
i=1
vgdii
mdi
A1/2(τdi )
)
, (10)
where we have slightly changed the notation. The “+” sign corre-
sponds to  = A in the type II 2HDM, while the “−” sign corre-
sponds to all the other cases, namely  = H in the type II 2HDM 
and  = H, A in the MSSM. In order to describe generically either 
VLQ or VLL, we introduce sums over u (d) to account for fermions 
with different electric charges coupling to 0u (
0
d), while i = 1, 2
indicate the heavy lepton mass eigenstates. For up-type and down-
type vector-like leptons, the mass eigenvalues mui ,di are obtained 
from bidiagonalizing the mass matrices
Mu =
(
m1
1√
2
vyuL sinβ
1√
2
vyuR sinβ m2
)
,
Md =
(
m1
1√
2
vydL cosβ
1√
2
vydR cosβ m3
)
, (11)
in the (′−, ′′−)L/R and (=, ′=)L/R bases respectively. The guii ,dii
denote, up to possible factors of tanβ and cotβ , the diagonal el-
ements of the mass basis Yukawa coupling matrix of  = H, A to 
the VL states. The aforementioned coupling matrices are obtained 
from the biunitary transformations of
yu = sinβ√
2
(
0 yuL±yuR 0
)
, yd = cosβ√
2
(
0 ydL
±ydR 0
)
, (12)
with “+” for the h, H states and “−” for the A state.10 As usual, 
Nc and Q f are the color and electric charges whereas NVLFf stands 
for the number of vector-like fermion families (taken here, for sim-
plicity, decoupled one from another). The top quark contributions 
to the loops are simply given by AH,Atop (γ γ ) = 43 cotβ A1/2(τt) and 
AH,Atop (gg) = cotβ A1/2(τt). Also, we have introduced a W contribu-
tion to the γ γ amplitude, which, in the decoupling limit, is zero 
in the case of the H/A states, but not for the lighter h state.
In the narrow width approximation, fully justiﬁed for reso-
nances with total decay width of about 5% of their masses, the 
production rates σ(gg →  → γ γ ) are simply proportional to the 
product of the two amplitudes squared, σ × BR ∝ |A(γ γ )|2 ×
|A(gg)|2.
A very important requirement for the vector-like content con-
tributing to the gg and γγ couplings is to not alter sig-
niﬁcantly the absolute values of the loop induced couplings of 
the lightest h state with a mass of 125 GeV, which has al-
ready been observed to be approximately SM-like [11]. Indeed, 
the amplitudes for h are almost exactly the same as those of H
given by eqs. (9)–(10) with now the non-zero W loop contribu-
tion, AhW (γ γ )  −8.3, included in the diphoton case. An impor-
tant difference though is that one has to make the replacement 
± tanβ → 1 and cotβ → 1.
For the values of the parameter β that we are considering and 
for 
(∑
Ah1/2(τ−i
)gh
−ii
/m−i
)
×
(∑
Ah1/2(τ=i )g
h
=ii
/m=i
)
< 0, a differ-
ent sign holds between the −i and 
=
i eigenstate contributions to 
10 We thank Xiao-Fang Han for pointing out to us an inconsistency in the cou-
plings of the pseudoscalar A boson in an earlier version of the paper.the h-diphoton loop. Such a sign conﬁguration can generally be ac-
commodated by controlling the VL Yukawa couplings and masses 
in the interaction basis.11 With a suitable choice of parameter val-
ues, this conﬁguration could lead to an approximate cancellation 
in the h → γ γ loop between the singly and doubly charged con-
tributions, leading to a SM-like hγ γ effective coupling. Although 
eﬃciently keeping under control the hγ γ coupling, this conﬁgura-
tion entails an important isospin symmetry breaking, leading to an 
unacceptably large value for the Peskin–Takeuchi T parameter [28].
Another way to cope with the hγ γ constraint is to choose one 
of the interaction basis Yukawa couplings close to zero, i.e. yu,dR  0
in eqs. (11) and (12), which strongly suppresses the VLL contribu-
tions to the hγ γ loop. More precisely, for  = h, H , one has
2∑
i=1
guii ,dii
mui ,di
= ∂v logdetMu,d  0 (13)
for yu,dR  0 (for  = A, the sum in eq. (13) is null for any value 
of yu,dR ). This means that the contribution to  → γ γ of a VLL 
sector will be proportional to A1/2(τu1,d1) − A1/2(τu2,d2), which, 
for  = h, translates into almost no VLL contribution to the dipho-
ton loop, since mui ,di >mh and thus both form factors reach their 
asymptotic value, Ah1/2(τu1,d1)  Ah1/2(τu2,d2 )  43 . However, for H
and A, the difference between the two A1/2-factors is in gen-
eral non-zero and can be maximized if we take one mass at the 
threshold, mu1,d1  12M , and the other in the asymptotic region, 
mu2,d2 > M , thus leading to a sizable impact in the H , A diphoton 
loop.
In the case of VLQs, this mechanism is equally eﬃcient in sup-
pressing their contribution to the hgg and hγ γ loops. However, 
due to the experimental limits on the VLQ masses,  800 GeV
and thus greater than M , such a mechanism would also suppress 
their contribution to the H , A diphoton loops, since both form fac-
tors would reach their asymptotic values (see previous paragraph). 
Considering vector-like multiplets including SU(2)L doublets with 
higher electric charges, e.g. (q8/3, q5/3)tL/R , q
8/3
L/R , q
5/3
L/R (as realized 
for example in Ref. [29,30]) would improve the VLQ impact in 
the diphoton loop, thanks to individually large charges, (Qq5/3 )
2
and (Qq8/3 )
2. Note that VLQs can also explain another excess (at 
the two sigma-level) that has been observed at the previous LHC 
run at 8 TeV in associated tt¯h production [11], as discussed re-
cently [31].
We present now some numerical results that can be obtained 
in a speciﬁc model. We consider a particle spectrum with six 
identical copies12 of the VLL multiplets presented in eq. (8). For 
simplicity, we assume that these six copies do not mix between 
themselves and that they are described by identical parameter val-
ues. In order to maximize the impact of the VLL contributions 
to the γγ loops, an immediate possibility would be to choose 
the interaction basis parameters in such a way that all the new 
VLLs have equal masses which are close to the threshold 12M (i.e. 
τ f = 1), where the A1/2 form factors are close to their maximal 
11 Including the Yukawa couplings between the SM and the chosen VLLs in the 
Lagrangian, one could indeed ﬁnd combinations of four Yukawa couplings whose 
global sign has a physical impact, since these combinations are invariant under any 
ﬁeld redeﬁnition.
12 It is possible that the number of VLL families can be reduced, for same order 
diphoton rates, if non-vanishing Yukawa couplings between the different families 
are considered. Note also that diphoton rates around the femtobarn can be reached 
through the H production with only three VLL generations, in the speciﬁc case 
where negative relative-sign VLL contributions overcompensate the W contribution 
to the SM h-diphoton amplitude (which stays then compatible with the measured 
h signal strength).
A. Angelescu et al. / Physics Letters B 756 (2016) 126–132 131Fig. 2. Contours of constant 
∑
σ(gg → ) × BR( → γ γ ) (blue, in fb) and μγγ (red) in the [yuL , ydR ] plane, for the MSSM case (left) and for the type II 2HDM case (right). 
The dot-dashed line represents the experimental central value of the h → γ γ signal strength, μγγ = 1.16 ± 0.18 ± 0.15, while the dashed (solid) lines represent the 1σ
(2σ ) bands. The gray shaded region corresponds to at least one VLL eigenmass being smaller than 12 M  375 GeV. The values of the other parameters are given by yuR  0, 
ydL  11, m1 m2 m3  800 GeV. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)value, as shown in Fig. 1. However, such a choice would set to zero 
both the up-type (singly charged) and down-type (doubly-charged) 
VLL contributions to the A → γ γ process; see also Ref. [26]. In-
stead, to take at least partly advantage of the sizable form factor, 
we arrange the parameter values such that only one up-like and 
one down-like VLL per copy have masses close to the threshold. 
Also, as discussed before, we will only consider the regions of the 
parameter space where the singly and doubly-charged contribu-
tions to the h → γ γ loop are strongly suppressed, leaving thus 
the hγ γ effective coupling SM-like.
In Fig. 2, we present isocontours of 
∑
=H,A σ(gg → ) ×
BR( → γ γ ) and the signal strength for the previously observed 
SM-like state μγγ = σ(gg → h) × BR(h → γ γ )/σ (gg → h) ×
BR(h → γ γ )|SM in the [yuL , ydR ] plane, for both the MSSM and type 
II 2HDM cases. The signal strength for the lighter h boson has 
been evaluated according to the discussion in Ref. [31]: we took 
the latest combined experimental value obtained at the previous 
run of the LHC, μγγ = 1.16 ± 0.18 [11], and added a theoreti-
cal uncertainty of order 15% [32]. We chose to vary the yuL and 
ydR parameters because each one is representative for its own sec-
tor (up/singly-charged and down/doubly-charged). Also, to avoid a 
too large width of the scalar resonances, we constrained the VLL 
eigenmasses to be slightly higher than 12M  375 GeV. Albeit the 
high values of some of the interaction basis Yukawa parameters, 
the mass basis Yukawa couplings have values well below the per-
turbativity limit of 4π : the highest values are gAd22  gHd22  4.5.
As mentioned earlier, the highest values of the total cross sec-
tion times branching ratio σ × BR for the H and A resonances 
occur in the region where ml−1
ml=1  12M . For completeness, we 
quote the other two VLL masses, which, in the region where σ ×BR
is maximized, are approximately equal, i.e. ml−2
 ml=2  1.7 TeV. 
Moreover, in the total diphoton cross section, 
∑
 σ(gg → ) ×
BR( → γ γ ), the pseudoscalar contribution is ∼ 22 (56) times 
larger than the H contribution for the MSSM (2HDM) case. The 
difference between the MSSM and 2HDM ratios of the A and H
contributions to the diphoton cross section can be easily under-
stood from eqs. (9) and (10). For the H → γ γ decay, the up-
like/singly-charged and down-like/doubly-charged VLL sectors in-
terfere destructively in both scenarios, whereas for the A → γ γ
process the two sectors interfere destructively (constructively) in 
the MSSM (2HDM) case.
Finally, let us make two remarks about the constraints on the 
scenario above. Concerning the electroweak precision data, in the 
language of the S/T parameters [28], VLFs will have no impact on 
the T parameter if there is only a small mass difference between the components of the isospin doublets (as it is the case above 
where an approximate custodial symmetry is imposed), while the 
impact on the S parameter is reduced for not too numerous VLFs 
(in the opposite case, the tension could be reduced by including 
the additional contribution of the extended Higgs sector and/or 
mixing between different fermion generations). In addition, other 
theoretical constraints should in principle be considered, such as 
the stability of the electroweak vacuum. However, in this case, one 
should be more speciﬁc about the models that incorporate these 
new particles. Even if the VL fermions give negative contributions 
to the beta functions of the quartic scalar couplings, the scalar de-
grees of freedom contribute with a positive sign, slowing down 
their running to negative values. Moreover, in a supersymmetric 
scenario, extra scalar degrees of freedom such as the superpartners 
of the top quark and of the VLLs would eﬃciently counterbalance 
the fermionic contributions, thus alleviating the problem of vac-
uum stability. In any case, a detailed discussion of the two issues 
is clearly beyond the scope of the present paper and it will be thus 
postponed to a forthcoming publication [33].
In summary, by adding charged VLLs, one can obtain values of ∑
 σ(gg → ) × BR( → γ γ )  2–3 fb (4–5 fb) for the diphoton 
rate in the MSSM (type II 2HDM) case, while keeping the h → γ γ
signal strength in agreement with the LHC Higgs data [11]. By 
comparing with the value of the diphoton rate for the H/A reso-
nances that can be obtained in our 2HDM scenarii with tanβ = 1, 
i.e. σ × BR≈ 1.5 × 10−2 fb, we see that the VLL loop contributions 
allow to enhance the decay rate of the A and H bosons to γ γ ﬁ-
nal states by a factor of O(100). Such an important enhancement 
is due to (i) the high electric charges of the VLLs, (ii) the several 
VLL families and (iii) the fact that half of the VLLs have masses 
 12M , for which the form factors attain their maximal values.
4. Conclusions
The ﬁrst searches performed at the new LHC with a center of 
mass energy of 13 TeV, albeit with a moderate accumulated lumi-
nosity, look very promising as the ATLAS and CMS collaborations 
have reported the observation of a diphoton resonance at an in-
variant mass of about 750 GeV. The signiﬁcance of the signal is 
well below the required ﬁve standard deviations and it can well be 
a statistical ﬂuctuation. It is nevertheless tempting to consider the 
possibility that it is the ﬁrst sign of new physics beyond the SM.
In this ﬁrst exploratory work, we have investigated the pos-
sibility that the diphoton resonance is one of the heavy neutral 
CP-even or CP-odd Higgs particles (and in fact a superposition of 
the two) that arise in two-Higgs doublet scenarios that are con-
132 A. Angelescu et al. / Physics Letters B 756 (2016) 126–132sidered as a straightforward extension of the SM and widely stud-
ied, especially in the context of supersymmetric theories like the 
MSSM. We show that clearly such a strong diphoton signal cannot 
be achieved in the usual versions of 2HDMs and the MSSM and 
additional charged particles should contribute to the loop induced 
production and decay processes.
We have thus considered the possibility that these new parti-
cles are vector-like quarks and leptons that couple strongly to the 
heavy Higgs bosons. We have shown that, for instance, six families 
of VL leptons can easily enhance the diphoton rate of the 750 GeV 
resonance to accommodate the observed signal, without affecting 
the properties of the standard-like 125 Higgs boson and still satis-
fying the electroweak precision data.
If this diphoton excess is not a statistical ﬂuctuation and is in-
deed conﬁrmed by future data as being a real physics signal, it will 
have far reaching consequences. The new physics to which the sig-
nal is connected must be extremely rich since, at the same time, it 
implies the existence of a heavy Higgs-like resonance which is al-
ready a very interesting signal for physics beyond the SM and, very 
likely also, of some other new particle content as to increase the 
production rate of the 750 GeV resonance in the diphoton channel. 
These new particles can be light enough to be directly produced 
and studied in detail at the LHC with signiﬁcantly higher lumi-
nosities than those collected so far. This would open a very rich 
and exciting era for high energy particle physics.
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